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A B S T R A C T

Flexibility is a hallmark of cognitive control and can be driven externally and internally, corresponding to 
reactive and spontaneous flexibility. However, the convergence and divergence between these two types of 
flexibility and their underlying neural basis during development remain largely unknown. In this study, we 
aimed to determine the common and unique networks for reactive and spontaneous flexibility as a function of 
age and sex, leveraging both cross-sectional and longitudinal resting-state functional magnetic resonance im
aging datasets with different temporal resolutions (N = 249, 6–35 years old). Functional connectivity strength 
and nodal flexibility, derived from static and dynamic frameworks respectively, were utilized. We found similar 
quadratic effects of age on reactive and spontaneous flexibility, which were mediated by the functional con
nectivity strength and nodal flexibility of the frontoparietal network. Divergence was observed, with the nodal 
flexibility of the ventral attention network at the baseline visit uniquely predicting the increase in reactive 
flexibility 24–30 months later, while the nodal flexibility or functional connectivity strength of the dorsal 
attention network could specifically predict the increase in spontaneous flexibility. Sex differences were found in 
tasks measuring reactive and spontaneous flexibility simultaneously, which were moderated by the nodal flex
ibility of the dorsal attention network. This study advances our understanding of distinct types of flexibility in 
cognition and their underlying mechanisms throughout developmental stages. Our findings also suggest the 
importance of studying specific types of cognitive flexibility abnormalities in developmental neuropsychiatric 
disorders.

1. Introduction

Cognitive and behavioral flexibility, which allows humans to 
develop complex and diverse functions, is critical for cognitive and 
socio-emotional development (Diamond, 2016). The triggers of flexible 
cognitive control can be external or internal. Examples of externally 
driven flexibility include quickly adapting to changing situations, while 
examples of internally driven flexibility include thinking from different 
perspectives (Diamond, 2013). Accordingly, two types of cognitive 
flexibility have been proposed by Eslinger and Grattan: reactive flexi
bility refers to quick and adaptive adjustments to environmental 
changes, and spontaneous flexibility refers to generating various ideas 
for a given topic or question (Eslinger and Grattan, 1993). While both 
types of cognitive flexibility involve flexible cognitive control, reactive 
flexibility requires more reactive control to quickly respond to changing 

environmental demands and conflicts (Kiesel et al., 2010), and sponta
neous flexibility entails more proactive control to plan and voluntarily 
adjust strategies without explicit prompts (Diamond, 2013; Eslinger and 
Grattan, 1993; Weiss et al., 2006). Developmental neuroscience research 
on different types of flexibility could reveal how the brain develops to 
meet various demands from the external and internal world.

A number of experimental tasks have been used to assess cognitive 
flexibility in developmental studies, including ideational fluency, verbal 
fluency, design fluency, task-switching, and set-shifting (Diamond, 
2013; Kupis and Uddin, 2023). In behavioral studies, the fluency tasks 
are considered to measure spontaneous flexibility, while the 
task-switching, wisconsin card sorting test, and trail-making test (TMT) 
are assumed to measure reactive flexibility (Arán Filippetti and Krumm, 
2020; Ebersbach and Hagedorn, 2011; Parkin and Lawrence, 1994;
Zmigrod et al., 2019). The different types of cognitive flexibility 
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consistently show a non-linear developmental trajectory: increasing 
significantly in childhood and adolescence and reaching a plateau in 
early adulthood (Cepeda et al., 2001; Kupis and Uddin, 2023; 
Tervo-Clemmens et al., 2023). However, previous studies often used 
single tasks to measure each type of cognitive flexibility, and thus the 
findings may be influenced by task selection (Deák and Wiseheart, 2015; 
Yeo et al., 2015). It is therefore necessary to explore developmental 
changes in each type of cognitive flexibility by incorporating multiple 
tasks.

In terms of neural mechanisms, task-based functional magnetic 
resonance imaging (fMRI) studies have shown the involvement of 
several functional networks in different types of cognitive flexibility in 
children, adolescents, and adults. Specifically, when performing reactive 
flexibility tasks, regions in the frontoparietal (FPN), dorsal attention 
(DAN), ventral attention (VAN), salience (SN), and subcortical (SUB) 
networks, have been consistently recruited in adults and children 
(Dajani and Uddin, 2015; Kim et al., 2012; Kupis and Uddin, 2023). 
Regarding spontaneous flexibility, brain regions in the default mode 
network (DMN), FPN, VAN, and DAN are activated in adults and chil
dren when performing verbal fluency tasks (Gaillard et al., 2000; Li 
et al., 2017; Wagner et al., 2014). Moreover, functional connectivity 
between FPN and VAN and between FPN and DMN has been docu
mented to increase during the performance of reactive flexibility (Yin 
et al., 2018) and spontaneous flexibility tasks (Arrigo et al., 2024), 
respectively. However, task fMRI findings may depend on specific task 
paradigms, and most neuroimaging studies have used only a single task.

In the absence of any overt task, resting-state fMRI is often used to 
describe intrinsic functional networks (Fox and Raichle, 2007; Yeo et al., 
2011), which are considered functional fingerprints that can predict an 
individual’s cognitive performance (Baldassarre et al., 2012; Finn et al., 
2015; Van Den Heuvel and Pol, 2010). Resting-state functional con
nectivity of the FPN, VAN, and DMN has been related to the performance 
of reactive flexibility tasks in adults and children (Müller et al., 2015; 
Thomas et al., 2023; Yin et al., 2015). Functional connectivity within the 
FPN or between the FPN and DMN has been linked to the performance of 
spontaneous flexibility tasks in children and adults (Gordon et al., 2011; 
Shi et al., 2018). In particular, recent studies have revealed the rele
vance of dynamic reconfigurations of intrinsic functional networks to 
cognitive flexibility (Chen et al., 2016; Kupis et al., 2021; Nomi et al., 
2017). Specifically, dynamic intrinsic functional connectivity between 
the FPN and DMN is associated with reactive flexibility in children, 
adolescents, and adults (Douw et al., 2016; Luo et al., 2023). In addition, 
a prior study has demonstrated a significant association between the 
temporal flexibility of the SN and the performance of reactive flexibility 
tasks in young adults (Chen et al., 2016). Several studies have also 
investigated the associations between spatiotemporal dynamics of brain 
networks and reactive flexibility ( Kupis et al., 2021; Lee et al., 2022) or 
spontaneous flexibility (Boon et al., 2020; Engels et al., 2018) in old 
adults. Unfortunately, few studies have focused on the brain dynamics 
underlying different types of cognitive flexibility during development.

Cognitive flexibility may exhibit sex differences due to the distinc
tions in the developmental pace of brain structure and function between 
males and females (Lenroot and Giedd, 2010; Ruigrok et al., 2014). 
From childhood to young adulthood, males and females differ in struc
tural and functional connectivity, task-related activation, and temporal 
dynamics of brain activity (Cai et al., 2020; Ingalhalikar et al., 2014; 
Shanmugan et al., 2022). For example, males and females prefer to re
cruit the parietal and prefrontal cortices, respectively, in cognitive 
control (Christakou et al., 2009). In the domain of cognitive flexibility, 
females have been observed better performance than males in both 
reactive and spontaneous flexibility tasks in childhood and adolescence 
(Anderson et al., 2001; Anokhin et al., 2010; Kalkut et al., 2009). 
However, inconsistent findings on sex differences were observed in these 
tasks during development (Van der Elst et al., 2011; Welsh et al., 1991). 
It is not clear yet whether the overall sex differences exist for each type 
of cognitive flexibility, and how the brain regulates the effects of sex.

Previous task and resting-state fMRI studies have mainly focused on 
one type of flexibility, and few studies have investigated the neural basis 
of both reactive and spontaneous flexibility during development. 
Therefore, this study aimed to explore developmental changes and sex 
differences in different types of cognitive flexibility (Fig. 1A) and their 
functional network basis, using both static and dynamic functional brain 
metrics (Fig. 1B) and both cross-sectional and longitudinal behavioral 
and resting-state fMRI data (Fig. 1C). Based on the cross-sectional 
dataset, we investigated age and sex effects on different types of 
cognitive flexibility and which functional networks mediated or 
moderated the relationship between age or sex and cognitive flexibility 
(Baum et al., 2017; Satterthwaite et al., 2013) (Fig. 1D). The longitu
dinal dataset was mainly used to test whether baseline brain measures 
could predict the increase in cognitive flexibility over the course of 
development (Fig. 1E). We expected reactive and spontaneous flexibility 
to show similar developmental trajectories, although they may be sup
ported by both common and unique functional brain networks. It is 
conceivable that the FPN would be the common network for supporting 
cognitive control involved in both types of cognitive flexibility. More
over, we hypothesized that there would be sex effects on cognitive 
flexibility that might be moderated by certain higher-order brain net
works, such as the attention networks and the FPN, because of the 
different importance of the prefrontal and parietal cortices for males and 
females (Christakou et al., 2009; Zaidi, 2010).

Furthermore, the vast majority of fMRI studies used only one repe
tition time (TR) of about 2 s, especially before the emergence of the 
multi-band technique (TR ~ 0.5 s). While the consistency in functional 
measurements has been observed at different temporal resolutions (Qin 
et al., 2015; Shakil et al., 2016), accumulating evidence indicates that 
higher temporal resolution may confer additional benefits (Chen et al., 
2015; Demetriou et al., 2018; Preibisch et al., 2015). For instance, a 
recent study showed that brain dynamics calculated from the data with 
higher temporal resolution were more sensitive to age-related changes 
(Nomi, Bolt, et al., 2017). Therefore, we used different TRs (1.4 s and 
0.645 s) to investigate the potential effects of temporal resolution on 
static/dynamic functional metrics and their relationship to age and 
cognitive flexibility. We expected that the dynamic measure based on 
the fast TR (0.645 s) may be more sensitive to individual differences in 
cognitive flexibility.

2. Materials and methods

2.1. MRI and behavioral protocols

Behavioral data and resting-state functional MRI data were down
loaded from publicly available datasets: Enhanced Nathan Kline Insti
tute Rockland Sample (NKI-RS) (Nooner et al., 2012; Tobe et al., 2022). 
The NKI-RS included both a cross-sectional lifespan sample (6–85 years 
old) and a longitudinal developing sample (6–17 years old) of neuro
imaging and behavioral data. There were 369 children and adolescents 
enrolled in the longitudinal sample, among whom 177 completed the 
follow-up assessments 24–30 months after their baseline visits. Most 
previous studies of functional brain development adopted only 
cross-sectional data and lacked longitudinal assessments, especially for 
functional images (Telzer et al., 2018). While cross-sectional data can 
characterize developmental changes across different ages, longitudinal 
assessments allow to track changes in individual participants and predict 
their subsequent performance. To provide a more comprehensive un
derstanding of developmental changes, we used both cross-sectional and 
longitudinal datasets (Fig. 1C).

The resting-state fMRI data were collected at different temporal 
resolutions: TR equals 2.5 s, 1.4 s, and 0.645 s. Here we used the TR 
1.4 s and TR 0.645 s datasets because their acquisition time is relatively 
long (about 10 min) compared to the TR 2.5 s dataset (5 min) and a 
longer time is conducive to estimating more reliable functional networks 
(Birn et al., 2013).
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Fig. 1. An overview of the methodology and datasets. (A) Two types of cognitive flexibility: the TMT and CWI are considered reactive flexibility (RF) -specific tasks, 
whereas VF and DF are considered spontaneous flexibility (SF) -specific tasks. The common process of the two types is flexible cognitive control, and the key dif
ference is that reactive flexibility is largely externally driven whereas spontaneous flexibility is mainly internally driven. (B) Two brain metrics are derived from 
temporally static and dynamic frameworks, respectively: functional connectivity strength (FCS) and nodal flexibility (NF). (C) Participants included in the final cross- 
sectional and longitudinal analyses in the datasets with different temporal resolutions: TR 1.4 s and TR 0.645 s. (D) Analysis pipeline based on cross-sectional data. 
The age and sex effects on FCS/NF and RF/SF were first examined by regression analysis. Then, mediation or moderation analysis was further performed. (E) Analysis 
pipeline based on longitudinal data. The increase in RF/SF after 24–30 months of follow-up was predicted by the baseline FCS/NF. TMT: trail-making test; CWI: 
color-word interference; VF: verbal fluency; DF: design fluency; and TR: repetition time.
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2.2. Participants

A total of 196 (95 males) and 213 (106 males) participants aged 6–35 
years were selected from the TR 1.4 s and TR 0.645 s datasets, respec
tively (Table 1), according to the following inclusion criteria: (1) no 
diagnosis or condition of psychopathology and brain injury; (2) avail
ability of T1-weighted images and at least one session with functional 
images; (3) no image quality issue detected by visual inspection; (4) 
maximal translation of head motion < 3 mm or maximal rotation angle 
< 3◦; (5) full-scale IQ (FIQ) ≥ 80. We excluded participants who had 
been diagnosed with psycho-psychiatric disorders because the purpose 
of this study was to explore the typical development of different types of 
cognitive flexibility as well as their network basis. The inclusion of 
participants aged 30 in this study was to comprehensively depict the 
changes in cognitive flexibility across different age groups since previ
ous studies suggested that the performance may reach a peak between 
20 and 30 years old (Cepeda et al., 2001; Kalkut et al., 2009). The 
number of overlapped participants in the two datasets was 160. No 
significant differences were found in age or behavioral assessments be
tween the two datasets (Table 1). Only 51 and 63 participants under 18 
years of age completed the follow-up assessments approximately 24–30 
months after the baseline visits in the TR 1.4 s and TR 0.645 s datasets, 
respectively.

2.3. Behavioral measures of cognitive flexibility

Participants aged ≥ 8 years were administered the full Delis-Kaplan 
Executive Function System (D-KEFS) battery (Delis et al., 2001). Among 
the tests, the TMT, color-word interference (CWI), verbal fluency (VF), 
and design fluency (DF) were selected to measure cognitive flexibility.

In the TMT task, participants were first instructed to make connec
tions between numbers and between letters separately by sequence and 
then were instructed to make connections back and forth between 
numbers and letters by sequence (number-letter switching).

In the CWI task, participants were required to complete subtests of 
four conditions: color naming, word reading, inhibition (naming the ink 
color of a color word, like the Stroop test), and switching between 
naming the color of the ink and reading the color word (inhibition/ 
switching).

In the VF task, participants were first instructed to produce non
repetitive words that begin with a certain letter or belong to a pre- 
defined category (letter fluency and category fluency) and then were 
instructed to name words between two different categories (category 
switching).

In the DF task, participants were first required to generate different 
geometric patterns by making connections between filled dots (fluency 
condition) and between empty dots separately and then were required to 
draw between filled and empty dots (switching condition).

For the TMT and CWI tasks, the raw scores of the total completion 
time in seconds under the switching conditions were used for subsequent 
analyses. For the VF and DF tasks, raw scores of the fluency and 
switching conditions were used for later analyses. According to the 
definitions for the two types of cognitive flexibility and the classification 
in previous studies (Arán Filippetti and Krumm, 2020; Ebersbach and 
Hagedorn, 2011; Parkin and Lawrence, 1994), the TMT and CWI were 
classified as reactive flexibility-specific tasks, whereas the VF and DF 
were classified as spontaneous flexibility-specific tasks (Fig. 1A). To 
note, the fluency condition of the two fluency tasks was used to assess 
the ability to generate nonrepetitive words or geometric patterns, which 
was often used to measure spontaneous flexibility (Arán Filippetti and 
Krumm, 2020; Ebersbach and Hagedorn, 2011). The switching condi
tion added external constraints based on fluency tasks, for example, 
generating words between two categories or generating patterns be
tween filled and empty dots back and forth, which required reactive and 
spontaneous flexibility simultaneously.

The z-scores of each task were obtained for cross-sectional and lon
gitudinal datasets separately. Given that adults did not have follow-up 
scores, we combined the adults’ baseline scores and follow-up scores 
of children and adolescents to calculate z-scores for the follow-up ses
sion. The reactive flexibility (RF) score was obtained by averaging the z- 
scores of TMT and CWI tasks (switching condition), and the spontaneous 
flexibility (SF) score was obtained by averaging the z-scores of VF and 
DF tasks (fluency condition), while the reactive and spontaneous flexi
bility (RSF) score was obtained by averaging the z-scores of VF and DF 
tasks (switching condition). Higher scores indicate better cognitive 
flexibility. Because the raw scores of the reactive flexibility tasks were 
reaction times, which were negatively correlated with task performance, 
we inverted the scores to ensure that all behavioral scores in later ana
lyses were positively associated with cognitive flexibility. Outliers were 
defined as values that deviated from the median by more than 3 times 
the median absolute deviation (Leys et al., 2013) and were treated as 
missing values.

2.4. MRI data acquisition and preprocessing

Resting-state functional MRI datasets were acquired using Siemens 
Magnetom TrioTim MR scanner with the following pulse sequence pa
rameters: for the TR 1.4 s dataset, TR = 1400 ms, echo time (TE) 
= 30 ms, flip angle = 65◦, field of view (FOV) = 224 × 224 mm2, 64 
slices, voxel size = 2 × 2 × 2 mm3; for the TR 0.645 s dataset, TR 
= 645 ms, TE = 30 ms, flip angle = 60◦, FOV = 222 × 222 mm2, 40 
slices, voxel size = 3 × 3 × 3 mm3.

Functional images were preprocessed using DPARSF (Yan et al., 
2016) with the following steps: removing the first 10 time points, slice 
timing, motion correction, spatial normalization (resampling to 3 mm 
isotropic voxels) to MNI space, spatial smoothing (full width at half 
maximum = 6 mm), removing linear trends, temporal filtering 
(0.01–0.1 Hz), and regressing out nuisance variables including Friston 
24 motion parameters, and global brain, white matter, and cerebrospi
nal signals.

2.5. Functional brain measures

The brain was divided into 200 cortical (Schaefer et al., 2018) and 32 
subcortical regions (Tian et al., 2020) which were grouped into seven 
cortical networks (Yeo et al., 2011) and one subcortical network. Nodal 
flexibility (NF) was calculated in addition to functional connectivity 
strength (FCS) to measure the spatiotemporal dynamics of the brain. FCS 
was defined as the average strength of functional connectivity between a 
region and all other regions. To obtain the FCS, Pearson correlation 

Table 1 
Participants information and behavioral performance of cross-sectional data.

TR 1.4 s TR 0.645 s p

N 196 213 -
Age (year) 16.74 (± 6.37) 16.41 (± 6.21) 0.33
Gender 95 M 101 F 106 M 107 F -
Full-scale IQ 103.44 (±

10.73)
103.87 (±
11.72)

0.96

Trail-making test: switching (TMT) 79.92 (± 40.25) 79.66 (± 35.91) 0.20
Color-word interference: switching 

(CWI)
66.19 (± 21.82) 66.83 (± 19.17) 0.29

Verbal fluency: category fluency 
(VFc)

37.40 (± 9.17) 37.41 (± 9.18) 0.35

Verbal fluency: letter fluency (VFl) 32.19 (± 11.29) 31.58 (± 11.22) 0.78
Design fluency: filled dots (DF) 9.51 (± 3.23) 9.59 (± 3.35) 0.20
Verbal fluency: switching (VFS) 12.22 (± 2.85) 12.24 (± 2.80) 0.31
Design fluency: switching (DFS) 7.72 (± 2.78) 7.60 (± 2.82) 0.76

Raw scores used in each task: TMT: number-letter switching - total time to 
complete; CWI: inhibition/switching - total time to complete; VFc: category 
fluency raw; VFl: letter fluency raw; DF: filled dots; VFS: category switching raw; 
DFS: switching total correct; p: p values of two-sample t-tests between the two 
datasets on non-overlapping participants.
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coefficients were calculated between the time series of each pair of brain 
regions, and then Fisher-z transformed as functional connectivity. 
Considering ambiguous biological interpretations of negative connec
tions, negative values were set to zero before calculating FCS for each 
region (Cao et al., 2014).

NF was quantified as the entropy of a region’s time-varying func
tional connectivity patterns (Yin et al., 2016, 2021). NF was obtained 
using the following steps: (1) regional time series was split into a series 
of overlapping time windows (window length [WL] = 60 s, step size = 1 
TR), and we repeated subsequent analyses of mediation, prediction, and 
moderation using WL = 30 s and 100 s considering the potential influ
ence of WL on the calculation of NF (Preti et al., 2017); (2) pairwise 
Pearson correlation coefficients of time series between two regions were 
calculated and then Fisher-z transformed as the functional connectivity 
for each window; and (3) the occurrence frequencies of the connections 
between a region i and other regions across all temporal windows were 
obtained. 

Pi(j) =
n(cij)

k × w
, j = 1, 2, ⋯, N, and j ∕= i (1) 

where Pi(j) is the normalized probabilistic connectivity distribution of 
region i, n(cij) is the number of connections between regions i and j 
reserved in all windows, k is the number of the strongest connections of a 
region in each window (here, the three strongest connections reserved), 
and w is the number of windows. A higher Pi(j) value indicates more 
frequent connections between i and j over time. The choice of k = 3 has 
been justified for both humans and monkeys in our previous studies (Yin 
et al., 2019, 2021). (4) Finally, Shannon entropy, a measure of 
complexity, is applied to Pi(j) to obtain the NF of region i: 

Hi = −
∑N

j=1
Pi(j) × log2Pi(j) (2) 

where Hi is the NF of region i. A higher value of Hi indicates more 
flexible functional connectivity patterns over time.

The FCS and NF were computed for each region and averaged for 
each network. Only higher-order brain networks (DAN, VAN, FPN, and 
DMN) and the SUB were considered because they have been observed to 
be correlated with different types of cognitive flexibility in previous 
studies (Eslinger and Grattan, 1993; Gordon et al., 2011; Kupis and 
Uddin, 2023). The definition and treatment of outliers were the same as 
in behavioral measures. We also calculated Pearson correlation co
efficients of the NF and FCS across different TRs for the whole brain and 
every network to evaluate the consistency across different sampling 
rates.

2.6. Statistical analyses

2.6.1. Effects of age on cognitive flexibility
To explore the development of different types of cognitive flexibility, 

we estimated both linear and quadratic regression models for age effects 
with sex and FIQ as covariates based on cross-sectional data (Formulas 3 
and 4). Considering that executive functions do not entirely overlap with 
IQ, prior studies emphasized the necessity of separating the contribution 
of general intellectual ability from executive functions (Delis et al., 
2007; Kalkut et al., 2009; Roskam et al., 2014; Samuels et al., 2016). 
Accordingly, we used FIQ as a covariate in our main analysis. In 
contrast, some studies did not control for IQ (Baum et al., 2017; Kupis 
et al., 2021), given the shared variance between general intellectual 
ability and executive functions. Therefore, we also redone the analyses 
without controlling for FIQ. 

CF = age+ sex+ FIQ (3) 

CF = age+ age2 + sex+ FIQ (4) 

where CF refers to the RF, SF, or RSF scores. The optimal model was 
defined as the one with the larger adjusted R square among the two 
models. The significance level for the entire study was 0.05.

2.6.2. Effects of age on functional brain networks
To explore the development of functional brain networks, we esti

mated linear and quadratic regression models for age effects, with sex, 
FIQ, and the mean framewise displacement (FD) as the covariates for 
each network metric based on cross-sectional data (Formulas 5 and 6). 

Brain metric = age+ sex+ FIQ+mFD (5) 

Brain metric = age+ age2 + sex+ FIQ+mFD (6) 

2.6.3. Correlations between functional brain metrics and cognitive 
flexibility

To explore the direct correlations between functional brain metrics 
and different types of cognitive flexibility, we built linear regression 
models between them with sex and FIQ as covariates based on cross- 
sectional data (Formula 7). 

CF = Brain metric+ sex+ FIQ (7) 

where CF refers to the RF, SF, or RSF scores.

2.6.4. Mediation models for the age-brain-behavior relationship
Considering the quadratic effects of age on cognitive flexibility, the 

MEDCURVE macro in SPSS was used to investigate the instantaneous 
mediating effects of the brain metrics based on cross-sectional data. The 
MEDCURVE macro was proposed to quantify instantaneous indirect 
effects when the relationships between variables were nonlinear (Hayes 
and Preacher, 2010). Instantaneous indirect effects were reported when 
the X value was set to three points (-1 standard deviation [SD], mean, 
and +1 SD, here is 11, 17, and 23 years old of age), and the 95 % con
fidence interval was obtained by bias-corrected bootstrapping 5000 
times in the MEDCURVE. The quadratic effect was selected for the 
regression of cognitive flexibility on age, and the linear or quadratic 
effect was selected for the regression of brain metrics on age, according 
to the optimal model in Formulas 5 and 6. A linear effect was selected for 
assessing the regression of cognitive flexibility on the brain metrics. Sex 
and FIQ were used as covariates in the mediation model.

2.6.5. Prediction models for cognitive flexibility
Longitudinal behavioral data of children and adolescents were used 

only for predictive analysis. Paired t-tests were first performed on the 
RF, SF, and RSF scores between the baseline and follow-up visits for 
children and adolescents. To test whether the baseline functional brain 
metrics could predict the increment of cognitive flexibility at 24–30 
months, multiple linear regression analyses were performed. The 
dependent variable was the difference in behavioral scores between the 
baseline and follow-up visits, the predictor was the metric of each brain 
network, and the covariates were age and the behavioral scores at the 
baseline (Formula 8). We included the baseline age as a covariate to 
reduce the potential influence of the large age range in the longitudinal 
sample. We also built a model to predict the follow-up scores using the 
brain metric at the baseline, while controlling for age and scores at the 
baseline. We supposed the results were very similar between the two 
models. 

ΔCF = brain networkBAS + ageBAS +CFBAS (8) 

where CF refers to the RF, SF, or RSF scores, and BAS is the baseline.
Considering that increased cognitive flexibility during development 

may include general expectations of functioning development and su
perior improvement over time, we also redid the predictive analyses 
using the age-corrected standard scores provided by the NKI group.
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2.6.6. Effects of sex on cognitive flexibility and functional brain networks
To investigate the sex differences in different types of cognitive 

flexibility, we further examined the significance of the sex term in the 
optimal model (Formulas 3 or 4) and then assessed the interactions 
between age or age2 and sex (Formulas 9 and 10): 

CF = age+ sex+ age × sex+ FIQ (9) 

CF = age+ sex+ age × sex+ age2 × sex+ FIQ (10) 

where CF refers to the RF, SF, or RSF scores. The effects of sex on 
functional brain metrics were also examined using Formulas 5 and 6.

2.6.7. Moderation models for the sex-brain-behavior relationship
To explore the influence of brain networks on the sex effect on 

cognitive flexibility, moderating effects were examined using the PRO
CESS macro in SPSS (Hayes, 2012) based on cross-sectional data, where 
sex was used as an independent variable, the behavioral score was a 
dependent variable, each metric of the functional brain network was the 
moderator, and age and FIQ were the covariates.

Fig. 2. Effects of age on different types of cognitive flexibility and high-order brain networks. In the TR 1.4 s dataset, quadratic effects of age are observed on the RF 
(A), SF (B), and RSF (C) scores; (D) age-related changes are identified in the FCS of the DAN, VAN, and FPN as well as in the NF of the VAN, FPN, and DMN. In the TR 
0.645 s dataset, quadratic effects of age are observed on the RF (E), SF (F), and RSF (G) scores; (H) age-related changes are identified in the FCS of the VAN and FPN 
as well as in the NF of the VAN, FPN, and DMN. RF: reactive flexibility; SF: spontaneous flexibility; RSF: reactive and spontaneous flexibility; R2: adjusted R square; p: 
the original p of the regression model; 95 % confidence interval is highlighted in light color; DAN: dorsal attention network; VAN: salience/ventral attention network; 
FPN: fronto-parietal network; DMN: default mode network; FCS: functional connectivity strength; and NF: nodal flexibility.
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3. Results

3.1. Development of cognitive flexibility

We calculated Pearson’s correlation coefficients to examine the 
similarities in behavioral outcomes between different tasks of the same 
or different types of flexibility. Using raw scores of single tasks, reactive 
flexibility and spontaneous flexibility showed higher within-type cor
relations (mean r = 0.51, ps < 1.40 × 10− 7) than those of between-type 
(mean r = 0.42, ps < 2.52 × 10− 7, Supplementary Tables S1 & S2). The 
correlations between the two types substantially increased when using 
the SF and RF scores (r = 0.65 and 0.62 for TR 1.4 s and TR 0.645 s 
datasets respectively, ps < 1.43 × 10− 22). These findings indicate a 
strong association between spontaneous and reactive flexibility, 
possibly reflecting the common mental processes involved in successful 
task implementation. Both SF and RF scores showed high correlations 
with the RSF score (both mean r = 0.69 for each type, ps < 5.39 ×

10− 28), implying that both types of flexibility contribute similarly to the 
tasks combining reactive and spontaneous flexibility.

Quadratic effects of age were consistently observed on the RF, SF, 

and RSF scores (adjusted R2 > 0.33, ps < 1.36 × 10− 15, Fig. 2 and 
Supplementary Table S3) after controlling for sex and FIQ in both the TR 
1.4 s and TR 0.645 s datasets. This suggests similar developmental tra
jectories for different types of cognitive flexibility, including high-speed 
growth in childhood, moderate-speed growth in adolescence, and a 
plateau in early adulthood.

3.2. Development of functional brain networks

We found that the NF (0.43 < r < 0.69, all ps < 0.001) and FCS 
(0.35 < r < 0.53, all ps < 0.001, Supplementary Table S4) showed a 
significant correlation between different TRs. For both the TR 1.4 s and 
TR 0.645 s datasets, the FCS of the VAN showed an inverted U-shaped 
relationship with age, while the NF of the VAN showed a U-shaped 
relationship with age (adjusted R2 > 0.06, ps < 0.003). For both two 
datasets, the FCS of the FPN showed an increasing trend, whereas the NF 
of the FPN showed a U-shaped relationship with age (adjusted R2 > 0.03, 
ps < 0.05). Furthermore, we discovered distinct age-related changes in 
FCS and NF: the FCS of the DAN linearly increased in the TR 1.4 s dataset 
(adjusted R2 = 0.07, p = 0.001), the FCS of the SUB linearly decreased in 

Fig. 3. Correlations between functional brain metrics and different types of cognitive flexibility. Absolute values of standardized β coefficients and the corresponding 
significance are shown. The upper panel illustrates the results of the TR 1.4 s dataset, and the lower panel illustrates the results of the TR 0.645 s dataset. The β 
coefficients between brain metrics and RF (A & D), SF (B & E), and RSF (C & F) scores. The green color indicates the NF and the yellow color indicates the FCS. RF: 
reactive flexibility; SF: spontaneous flexibility; RSF: reactive and spontaneous flexibility; DAN: dorsal attention network; VAN: salience/ventral attention network; 
FPN: fronto-parietal network; DMN: default mode network; SUB: subcortical network; FCS: functional connectivity strength; and NF: nodal flexibility; * p < 0.05; ** 

p < 0.01; *** p < 0.001; and # p < 0.1.
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the TR 0.645 s dataset (adjusted R2 = 0.08, p = 0.0002), whereas the NF 
of the DMN showed a decreasing trend during development in both two 
datasets (adjusted R2 > 0.03, ps < 0.049) (Fig. 2D & 2H, Supplementary 
Table S5). Age-related changes in the FCS and NF were commonly 
observed in the VAN and FPN but were different in the DAN, SUB, and 
DMN.

3.3. Correlations between functional brain metrics and cognitive 
flexibility

We explored the direct correlations between functional brain metrics 
and cognitive flexibility. The VAN and FPN were reproducibly corre
lated with various types of cognitive flexibility across datasets and brain 
metrics (|β| > 0.14, ps < 0.06, Fig. 3, Supplementary Tables S6~S8). For 
the RF score, additional correlations were in the DMN and SUB in the TR 
1.4 s dataset (|β| > 0.15, ps < 0.04, Fig. 3A, Supplementary Table S6). 
For the SF score, additional correlations were in the DAN in both data
sets (|β| > 0.13, ps < 0.08, Fig. 3B & 3E, Supplementary Table S7) and in 
the DMN in the TR 0.645 s dataset (|β| = 0.19, p = 0.006, Fig. 3E, 
Supplementary Table S7). For the RSF score, additional correlations 
were in the DMN and SUB in the TR 0.645 s dataset (|β| > 0.14, ps <
0.06, Fig. 3F, Supplementary Table S8).

3.4. Mediating effects of functional brain networks on the development of 
cognitive flexibility

We tested the instantaneous mediating effects of age on cognitive 
flexibility through functional brain metrics controlling for sex and FIQ. 
The instantaneous mediating effects were examined at 11, 17, and 23 
years old (-1 SD, mean, +1 SD of age). In the TR 1.4 s dataset, the FCS of 
the FPN mediated the relationships of age with the RF score (at age 11: 
instantaneous indirect effect [θ] = 0.07, se = 0.05, 95 % confidence 
interval [CI] = [0.003, 0.19]; at age 17: θ = 0.04, se = 0.03, 95 % CI =
[0.003, 0.11], Fig. 4A); the FCS of the VAN mediated the relationships of 

age with the SF score (at age 11: θ = 0.11, se = 0.06, 95 % CI = [0.005, 
0.26]; at age 17: θ = 0.06, se = 0.03, 95 % CI = [0.001, 0.14], Fig. 4B). 
In the TR 0.645 s dataset, the NF of the FPN mediated the relationships 
of age with the RSF score (at age 11: θ = 0.05, se = 0.03, 95 % CI =
[0.008, 0.15]; at age 17: θ = 0.02, se = 0.02, 95 % CI = [0.002, 0.06], 
Fig. 4C) and with the SF score (at age 11: θ = 0.06, se = 0.04, 95 % CI =
[0.005, 0.18]; at age 17: θ = 0.03, se = 0.02, 95 % CI = [0.001, 0.08], 
Fig. 4D); the NF of the DMN mediated the relationships of age with the 
SF score (at age 17: θ = 0.02, se = 0.01, 95 % CI = [0.0000, 0.06], 
Fig. 4E). These results suggest that the FPN plays a common role in 
supporting the development of different types of cognitive flexibility, 
while the VAN and DMN may have unique contributions to the devel
opment of spontaneous flexibility.

Considering that the function of brain regions is largely determined 
by their connectivity profiles, we further examined the separate con
tributions of within- and between-network connectivity to the mediating 
effects. The FCS or NF of the FPN between-network connectivity medi
ated the association between age and the RF, SF, and RSF scores at 11 
and 17 years old (θ > 0.02, Supplementary Fig. S1A, 1D & 1E). The FCS 
of both within- and between-network connectivity of the VAN mediated 
the association between age and the SF score at 11 and 17 years old (θ >
0.06, Supplementary Fig. S1B & 1 C). The NF of the DMN between- 
network connectivity mediated the association between age and the 
SF score at 11, 17, and 23 years old (|θ|> 0.03, Supplementary Fig. S1F). 
The NF of the DMN within-network connectivity mediated the associa
tion between age and the SF score at 11 and 23 years old (|θ| > 0.05, 
Supplementary Fig. S1G).

3.5. Prediction of the enhancement of cognitive flexibility at the follow-up 
visit

Children and adolescents scored significantly higher on all types of 
cognitive flexibility at the follow-up than at the baseline (t > 2.63, ps <
0.01, Fig. 5A & 5E). Prediction models were built to examine whether 

Fig. 4. Mediating effects of the functional brain metrics on the development of different types of cognitive flexibility. In the TR 1.4 s dataset, the FCS of the FPN 
mediated the development of RF (A), and the FCS of the VAN mediated the development of SF (B). In the TR 0.645 s dataset, the NF of the FPN mediated the 
development of RSF (C) and SF (D), and the NF of the DMN mediated the development of SF (F). a1: linear effects of age on brain metrics; a2: effects of age2 on brain 
metrics; b: linear effects of brain metrics on cognitive flexibility; c1’: direct linear effects of age on cognitive flexibility; c2’: direct effects of age2 on cognitive 
flexibility; θ: Instantaneous indirect effects; CI: confidence interval. Standardized coefficients are shown. RF: reactive flexibility; SF: spontaneous flexibility; RSF: 
reactive and spontaneous flexibility; FCS: functional connectivity strength; NF: nodal flexibility; FPN: fronto-parietal network; VAN: salience/ventral attention 
network; DMN: default mode network; * p < 0.05; ** p < 0.01; *** p < 0.001; and # p < 0.1.
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the brain metrics at the baseline could predict the increment of cognitive 
flexibility at the follow-up after controlling for age and behavioral scores 
at the baseline. The NF of the VAN positively predicted the increment of 
the RF score in both TR 1.4 s and TR 0.645 s datasets (adjusted R2 >

0.09, p < 0.05, Fig. 5B & 5 F), while the FCS and NF of the DAN pre
dicted the increment of the SF score in both datasets (adjusted R2 > 0.13, 
p < 0.02, Fig. 5D & 5 G). Additionally, the NF of the SUB positively 
predicted the increment of the RF score in the TR 1.4 s dataset (adjusted 
R2 = 0.11, p = 0.045, Fig. 5C). These findings suggest that the VAN plays 
a predictive role in the development of reactive flexibility, while the 
DAN plays a predictive role in the development of spontaneous 
flexibility.

3.6. Effects of sex on different types of cognitive flexibility and functional 
brain networks

Further, we investigated the sex differences in cognitive flexibility 
and functional brain networks using general linear models. Significant 
sex effects were observed on the RSF score when we controlled for the 
linear and quadratic effects of age and FIQ in both the TR 1.4 s and TR 
0.645 s datasets, and females showed higher RSF scores than males 
(t > 2.99, ps < 0.003, Fig. 6A & 6B, Supplementary Table S3). No sig
nificant interactions were discovered between age or the square of age 
and sex (t < 0.51, ps > 0.61), indicating that sex differences in the RSF 
score may be introduced by the overall intercept but not the growth rate 
or turning point. No significant sex effect was observed on the RF or SF 
scores (|t| < 1.01, ps > 0.32, Supplementary Table S3). This result in
dicates that the sex effect is manifested only in tasks measuring both 
reactive and spontaneous flexibility. No significant sex effect was 
observed in the FCS or NF of any network after controlling for age, FIQ, 
and head motion (t < 1.39, ps > 0.17, Supplementary Table S5).

3.7. Moderating effects of functional brain networks on sex differences in 
RSF

We further explored the moderating role of brain metrics on sex 
differences in the RSF score, controlling for age and FIQ. We discovered 
that the NF of the DAN significantly moderated sex differences in the 
RSF score in both datasets (β < − 0.25, ps < 0.03, Fig. 6C & 6D). The sex 
difference was significant when the NF of the DAN was at a low level (-1 
SD, β > 0.51, ps < 0.002) and an average level (β > 0.26, ps < 0.02) but 
not at a high level (+1 SD, β < 0.01, ps > 0.94). The increase in NF from 
the low to the average level improved the performance of tasks that 
combined reactive and spontaneous flexibility in males, whereas it was 
the opposite in females. This finding suggests that only the DAN plays a 
moderating role in sex differences in reactive and spontaneous 
flexibility.

3.8. Validation results

To examine the impact of WL in the sliding window technique when 
computing NF, we repeated the mediation, prediction, and moderation 
analyses using 30 s and 100 s as WL. In the TR 0.645 s dataset, the NF of 
the FPN mediated the relationship of age with the RSF and SF score at 
age 11 and 17 when WL = 30 s (θ > 0.03, Supplementary Fig. S2A & 
2B); We did not observe age-related changes in the NF of the FPN when 
WL = 100 s (|t| < 1.65, ps > 0.10), so the mediation analyses were not 
performed; The NF of the DMN mediated the relationship of age with the 
SF score at age 11 and 17 when WL = 30 s and 100 s (θ > 0.02, Sup
plementary Fig. S2C & 2D). The NF of the VAN and SUB at baseline could 
predict the increment of the RF score, and the NF of the DAN at baseline 
could predict the increment of the SF score when WL = 30 s and 100 s 
(adjusted R2 > 0.12, ps < 0.03, Supplementary Fig. S3 & S4). The NF of 
the DAN moderated the sex difference in the RSF score when WL = 30 s 

Fig. 5. Predictions of the increase in different types of cognitive flexibility 24–30 months later based on the brain metrics at baseline. In the TR 1.4 s dataset, (A) the 
RF, SF, and RSF scores are higher at the follow-up than at the baseline; the NF of the VAN (B) and SUB (C) at baseline predicts the increase in the RF scores; (D) the 
FCS of the DAN at baseline predicts the increase in the SF score. In the TR 0.645 s dataset, (E) the RF, SF, and RSF scores are higher at the follow-up than at the 
baseline; (F) the NF of the VAN at baseline predicts the increase in the RF scores; and (G) the NF of the DAN at baseline predicts the increase in the SF score. RF: 
reactive flexibility; SF: spontaneous flexibility; RSF: reactive and spontaneous flexibility; BAS: baseline; FLU: follow-up; R2: adjusted R square; p: the original p of the 
regression model; 95 % confidence interval is highlighted in light color; VAN: salience/ventral attention network; SUB: subcortical network; DAN: dorsal attention 
network; NF: nodal flexibility; and *** p < 0.001.
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and 100 s in both datasets (β < − 0.22, ps < 0.06, Supplementary 
Fig. S5). These results suggest that our main findings are robust to the 
different window lengths.

We repeated the regression, mediation, and moderation analyses 
without controlling for FIQ. Specifically, we consistently observed an 
inverted-U-shaped relationship between age and various types of flexi
bility (adjusted R2 > 0.26, ps < 1.80 × 10− 13, Supplementary Fig. S6
and Table S9). Significant correlations were also observed between 
brain metrics of the VAN and FPN and different types of cognitive 
flexibility (|β| > 0.13, ps < 0.10, Supplementary Fig. S7 and 
Tables S10~S12). Moreover, the NF or FCS of the FPN significantly 
mediated the association between age and all types of flexibility scores, 
and the FCS of the VAN mediated the relationship between age and the 
SF score (θ > 0.03, Supplementary Fig. S8). The NF of the DAN 
moderated the sex difference in the RSF score (β < − 0.25, ps < 0.05, 
Supplementary Fig. S9). These results suggest that our main findings are 
robust to controlling for FIQ.

In predictive analyses, we additionally predicted the follow-up 
scores using the baseline brain metrics, while controlling for the base
line age and scores. We found that the results were virtually identical to 
the main findings (ps < 0.04, Supplementary Fig. S10). Using the age- 
corrected behavioral scores, the baseline NF of the SUB and VAN 
could predict the follow-up RF score while the baseline NF of the DAN 
could predict the follow-up SF score after controlling for baseline scores 
(ps < 0.07, Supplementary Fig. S11). These findings suggest that the 
predictions of the SUB, VAN, and DAN may reflect the superior 
improvement.

4. Discussion

This study aimed to investigate the convergence and divergence of 
reactive and spontaneous flexibility in the context of development. We 
used static and dynamic functional metrics and two datasets with 
different temporal resolutions to explore the neural basis of cognitive 
flexibility. We discovered that (1) the two types of cognitive flexibility 
showed similar quadratic effects of age, and their age-related changes 
during childhood and adolescence were mediated by the FPN, pre
dominantly by the between-network connectivity of the FPN; (2) the NF 
of the VAN at the baseline visit could predict the increment of reactive 
flexibility during follow-up visits, while the FCS or NF of the DAN at 
baseline could predict the increment of spontaneous flexibility; and (3) 
females performed better than males on tasks that combined reactive 
and spontaneous flexibility, and the sex effect could be moderated by the 
NF of the DAN.

4.1. FPN as the common network basis of different types of cognitive 
flexibility

We observed convergence in age effects between reactive and 
spontaneous flexibility, which was commonly mediated by the FCS or 
NF of the FPN. Specifically, both reactive and spontaneous flexibility 
were enhanced most in childhood and reached a plateau in early 
adulthood, which is in line with previous studies (Cepeda et al., 2001; 
Crone et al., 2004; Hurks et al., 2010). The FPN instantaneously medi
ated the development of different types of cognitive flexibility at the 
ages of 11 and 17 years in both datasets, further suggesting the crucial 
role of the FPN in cognitive flexibility in childhood and adolescence. The 
FPN is closely linked to a series of high-order cognitive abilities, such as 

Fig. 6. Effects of sex on different types of cognitive flexibility. In both the TR 1.4 s and 0.645 s datasets, only the RSF score shows a sex effect, and females perform 
better than males (A & B). Median, 25 %, and 75 % percentiles, as well as SD are shown. The sex effect of the RSF score is moderated by the NF of the DAN (C & D). 
RF: reactive flexibility; SF: spontaneous flexibility; RSF: reactive and spontaneous flexibility; M: males; F: females; NF: nodal flexibility; DAN: dorsal attention 
network; ** p < 0.01; and ns: not significant.
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working memory, inhibition, and mental switch, which are commonly 
required in different types of cognitive flexibility (Menon, 2011). FPN is 
also recognized as the shared network basis of reactive and proactive 
control (Van Belle et al., 2014), which are the main processes in reactive 
and spontaneous flexibility respectively. Numerous studies have 
emphasized the importance of the FPN in supporting reactive flexibility 
through consistent activation and flexible connectivity patterns at 
different ages (Friedman and Robbins, 2022; Vallesi et al., 2022; Wen
delken et al., 2012). Our study replicates the importance of the FPN in 
reactive flexibility development (Kupis and Uddin, 2023). Additionally, 
we provide evidence of the significance of the FPN in spontaneous 
flexibility, which corroborates the findings of behavioral and activation 
studies investigating this type of cognitive flexibility (Arán Filippetti and 
Krumm, 2020; Gurd et al., 2002; Hirshorn and Thompson-Schill, 2006;
Kalkut et al., 2009). Taken together, our results reveal that FPN is the 
common network basis to support the development of different types of 
cognitive flexibility.

We further discovered that the mediating effect of the FPN on the 
development of different types of cognitive flexibility was dominated by 
between-network connectivity. The distributed connectivity pattern of 
the FPN allows effective information transfer to long-range regions and 
is a key indicator of brain maturation (Fair et al., 2009), supporting the 
development of various cognitive abilities in children (Chen et al., 2023; 
Kupis et al., 2021). We observed that the between-network connectivity 
of the FPN increased in the FCS and decreased in the NF during devel
opment. These age-related changes may be due to more stable connec
tions between the FPN and other brain networks (Gu et al., 2015; 
Sanders et al., 2023). We speculate that the strengthening of 
between-network connections at rest may partially mirror the coac
tivation patterns of these regions under specific task conditions 
(Johnson, 2011; Smith et al., 2009). The coactivation and connectivity 
with other networks exert the FPN to engage in multiple cognitive tasks 
(Yeo et al., 2015) and to give rise to flexible behaviors (Cole et al., 2013).

4.2. Unique network basis of different types of cognitive flexibility

We found unique networks (VAN and DMN) supporting the devel
opment of spontaneous flexibility but not that of reactive flexibility. 
Reactive flexibility was highly associated with functional metrics of the 
VAN (Fig. 3A & 3D), but the associations may be partially caused by the 
common factor of age since the associations disappeared when age was 
taken into account.

Therefore, the development of reactive flexibility mainly relies on 
the FPN. In contrast, spontaneous flexibility measures more cognitive 
abilities such as planning and memory retrieval and may need more 
neural supports. Spontaneous flexibility is more cognitively challenging 
than reactive flexibility with higher demands on working memory and 
inhibition to generate many but nonrepetitive answers (Arán Filippetti 
and Krumm, 2020). Regions in the VAN, for example, 
pre-supplementary motor area (pre-SMA), are considered to prepare 
expected cognitive demands which is important for proactive control 
and spontaneous flexibility (Burgess and Braver, 2010; Irlbacher et al., 
2014). Another key region in the VAN, the temporoparietal junction 
(TPJ), can be triggered by internal memory-based stimuli and may be 
recruited in spontaneous flexibility tasks that are largely internally 
driven (Cabeza et al., 2012). The mediating effects of the VAN on the 
development of spontaneous flexibility may be associated with the key 
roles of VAN in proactive control and episodic memory retrieval. DMN is 
related to memory retrieval, preparatory control, and strategy shifts 
(Egan et al., 2024; Menon, 2023; Schuck et al., 2015). Spontaneous 
flexibility requires the recall from long-term knowledge especially for 
verbal tasks and various strategies to answer a question (Koren et al., 
2005), which mainly rely on DMN and its between-network connectiv
ity. Our findings reveal the unique roles of the VAN and DMN in the 
development of spontaneous flexibility.

4.3. Predicting effects of attention networks on the improvement of 
different types of flexibility during development

In this study, we found predicting effects of VAN and DAN at baseline 
on the enhancement of reactive and spontaneous flexibility in follow-up 
visits, respectively. The prior mediation analyses revealed how cognitive 
flexibility develops through age-related changes in functional brain 
metrics, and the predictive analyses aimed to determine the neural 
biomarkers of the growth rate of cognitive flexibility. The predictive 
roles of the VAN and DAN were reliable in both datasets when using 
different time window parameters. Attention networks are sensitive to 
brain maturation (Atkinson and Braddick, 2012; Ciesielski et al., 2019; 
Onofrj et al., 2022) and individual differences in basic cognitive func
tions such as attentional reorienting, distractor filtering, and selective 
attention (Rohr et al., 2017; Vossel et al., 2014), which are potential 
mediators of the improvement of cognitive flexibility. Associations be
tween the VAN and reactive flexibility have consistently been reported 
in adults and children, from brain activation to spatiotemporal dynamics 
(Chen et al., 2016; Kupis et al., 2021; Nomi et al., 2017; Taylor et al., 
2012). Compared with spontaneous flexibility, reactive flexibility may 
require more in salience detection, attention shift, and rapid responses 
to errors, and these functions mainly depend on the VAN (Corbetta and 
Shulman, 2002; Ham et al., 2013; Uddin, 2015). In contrast, sponta
neous flexibility demands higher in accessing various aspects of 
knowledge and a number of thoughts (Eslinger and Grattan, 1993), 
relying on the ability to maintain and reactivate internal representa
tions, which are the functions of the DAN (Lückmann et al., 2014). Our 
findings suggest the unique importance of the VAN to reactive flexibility 
and the DAN to spontaneous flexibility.

4.4. Moderating effects of the DAN on sex differences in RSF

We did not observe sex differences in either type of flexibility but in 
tasks that combined the two types of flexibility. These findings are in line 
with previous studies that used the same tasks and conditions 
(Arango-Lasprilla et al., 2017; Kalkut et al., 2009; Van der Elst et al., 
2011; Welsh et al., 1991). The difference in RSF may imply that females 
have better performance on complex and cognitively challenging tasks 
that require a balance between different types of flexibility. Previous 
studies have reported the gender advantage for females in multitasking 
skills (Ren et al., 2009; Stoet et al., 2013), although it was not observed 
in other studies (Hirsch et al., 2019; Soldatova et al., 2019). Probably, 
the sex difference in RSF may be attributed to different paces of cogni
tive development that females develop earlier than males in certain 
fundamental abilities that are essentially crucial for complex cognitive 
control, such as verbal working memory (Voyer et al., 2021) and inhi
bition control (Silverman, 2021). Assessments combining different types 
of flexibility provide new insights into sex effects that cannot be un
covered by a single type of flexibility.

The NF of the DAN moderated the sex differences in tasks that 
combined reactive and spontaneous flexibility in both datasets. The 
results showed that a higher NF of the DAN may be linked with a better 
performance in males, whereas the opposite was true for females. During 
the performance of verbal fluency tasks, previous studies found that 
females switched more often between categories when generating 
words, whereas males tended to produce a larger cluster size 
(Scheuringer et al., 2017; Weiss et al., 2006). Moreover, males showed 
more frequent switches between brain states at rest (de Lacy et al., 
2019), whereas females tended to spend more time in the states domi
nated by the DAN (Murray et al., 2021). Therefore, we speculate that the 
sex effect is likely due to the different cognitive strategies used in males 
and females when performing cognitive flexibility tasks, which may rely 
on distinct functional reconfigurations of the DAN.
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4.5. Methodological considerations

Brain metrics from both static and dynamic frameworks were used to 
characterize functional activity. These two metrics may reflect different 
aspects of brain activity, although there is some correlation between 
them (Yin et al., 2019; Zhang et al., 2016). Consistently, a decreasing 
trend of the DMN was observed only in the NF but not in the FCS during 
development. Interestingly, we discovered that the FCS of the FPN 
played a mediating role in the relationship between age and cognitive 
flexibility in the TR 1.4 s dataset, whereas the NF of the FPN played a 
mediating role in this relationship in the TR 0.645 s dataset. Moreover, 
the prediction effect of the SUB was only seen in the TR 1.4 s dataset but 
not in the TR 0.645 s dataset, which might be due to the relatively low 
signal-to-noise ratio for the SUB at short TR (Van Essen et al., 2013). 
Furthermore, we noticed that NF seemed to be more sensitive than FCS 
in the prediction and sex effect analyses. These findings further 
emphasize the importance of the selected approach for measuring 
spatiotemporal dynamics.

We used fMRI data with two different TRs. While the NF and FCS 
showed a significant correlation between the different TRs, the dynamic 
metric (NF) exhibited greater consistency. This suggests that different 
TRs yield similar patterns of brain connectivity. In addition, common 
functional networks were identified for age and sex effects across 
different TRs, indicating the reproducibility for the two TRs. Notably, we 
found that higher temporal resolution appears to lead to higher corre
lations between the dynamic metric and cognitive flexibility measures, 
while lower temporal resolution leads to higher correlations between 
the static metric and cognitive flexibility measures. Consistently, a prior 
study has also shown that brain dynamics obtained from the higher 
temporal resolution were more sensitive to age-related changes (Nomi, 
Bolt, et al., 2017). Despite the divergence, it should be noted that the 
common functional networks (i.e., FPN and VAN) were identified for 
different functional brain metrics at different sampling rates. Therefore, 
we suggest that the results found in different TRs can be explained by a 
common functional network basis and that sensitivities related to 
cognitive flexibility may differ across static and dynamic measures of 
different sampling rates. This may also suggest the importance of 
considering different functional brain metrics and sampling rates in 
future studies.

4.6. Limitations

This study has some limitations. A previous study reported that 
longitudinal data were superior to cross-sectional data in detecting age- 
related changes in brain structure and function (Di Biase et al., 2023). 
However, the sample size of the longitudinal data available in this study 
was relatively small, so we were unable to further divide the participants 
into subgroups with a smaller age range. The inclusion of fMRI data with 
two different TRs may help test the reliability of the findings related to 
developmental changes over time. We consistently found that the NF of 
the VAN could predict the increment of reactive flexibility during 
development, while the FCS or NF of the DAN could predict the incre
ment of spontaneous flexibility. This may indicate the reliability of the 
findings related to longitudinal data. Considering the lack of large and 
long-term follow-up longitudinal data, especially for functional images, 
we used mediation analysis for cross-sectional data according to previ
ous studies (Baum et al., 2017; Satterthwaite et al., 2013). Notably, 
there is no temporal ordering in the mediation analysis with 
cross-sectional data. Therefore, the mediating effects should be inter
preted with caution and need to be confirmed with a longitudinal study 
design.

Second, the same functional network partition was used for different 
age groups, potentially ignoring changes in network membership during 
development. However, both the static and dynamic metrics used in this 
study were calculated based on the (dynamic) functional connectivity 
profile of each brain region, without relying on any network partitions. 

Instead, a fixed network partition was used only for the final statistical 
analysis of each metric, which was often employed in developmental 
studies (Betzel et al., 2014; Cui et al., 2020). This makes it easy to 
directly compare network-level measures between different age groups. 
Although fine-tuning reconfigurations of higher-order cognitive net
works have been observed from childhood to adulthood (Gu et al., 2015; 
Oldham and Fornito, 2019), previous studies have also reported 
adult-like and stable functional architectures in children (Marek et al., 
2015; Power et al., 2010). Therefore, the use of a fixed network partition 
for the summary purpose may not substantially affect the accuracy of 
identifying developmental changes in brain network dynamics.

Third, we did not include any measures of pubertal development. 
Recent studies have demonstrated the unique contributions of pubertal 
stages to the development of executive functions such as inhibition and 
attention (Chaku and Hoyt, 2019; Juraska and Willing, 2017; Ravin
dranath et al., 2022). It would be valuable for future studies to explore 
the relationship between pubertal development and cognitive flexibility 
and the underlying neural basis.

Finally, we used behavioral scores without controlling for basic 
cognitive functions related to the tasks. Cognitive flexibility has been 
successfully implemented with the coherent support of multiple cogni
tive processes. It is difficult to separate these basic functions from 
cognitive flexibility (Dajani and Uddin, 2015), and switching or shifting 
processes alone cannot represent cognitive flexibility (Cragg and 
Chevalier, 2012). Moreover, scores from multiple tasks were combined 
to reduce the negative impact of task specificity.

5. Conclusion

In summary, we demonstrated the common and unique network 
bases underlying the age and sex effects on reactive and spontaneous 
flexibility. The current study revealed a similar developmental trajec
tory and common neural basis for different types of flexibility in 
cognition, highlighting the crucial role of functional integration be
tween the FPN and other networks in the development of cognitive 
flexibility. The VAN was uniquely correlated with reactive flexibility 
while the DAN was specifically important to spontaneous flexibility in 
predictions of behavioral improvement. The effect of sex was only 
observed in tasks that combined reactive and spontaneous flexibility and 
was moderated by the NF of the DAN, which further provided neural 
correlates for the sex effect. This study also highlights the importance of 
studying specific types of cognitive flexibility abnormalities in devel
opmental neuropsychiatric disorders.
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Betzel, R.F., Byrge, L., He, Y., Goñi, J., Zuo, X.-N., Sporns, O., 2014. Changes in structural 
and functional connectivity among resting-state networks across the human lifespan. 
NeuroImage 102, 345–357. https://doi.org/10.1016/j.neuroimage.2014.07.067.

Birn, R.M., Molloy, E.K., Patriat, R., Parker, T., Meier, T.B., Kirk, G.R., Nair, V.A., 
Meyerand, M.E., Prabhakaran, V., 2013. The effect of scan length on the reliability of 
resting-state fMRI connectivity estimates. Neuroimage 83, 550–558.

Boon, L.I., Hepp, D.H., Douw, L., van Geenen, N., Broeders, T.A.A., Geurts, J.J.G., 
Berendse, H.W., Schoonheim, M.M., 2020. Functional connectivity between resting- 
state networks reflects decline in executive function in Parkinson’s disease: a 
longitudinal fMRI study. NeuroImage: Clin. 28, 102468. https://doi.org/10.1016/j. 
nicl.2020.102468.

Burgess, G.C., Braver, T.S., 2010. Neural mechanisms of interference control in working 
memory: effects of interference expectancy and fluid intelligence. PloS One 5 (9), 
e12861.

Cabeza, R., Ciaramelli, E., Moscovitch, M., 2012. Cognitive contributions of the ventral 
parietal cortex: an integrative theoretical account. Trends Cogn. Sci. 16 (6), 
338–352.

Cai, B., Zhang, G., Zhang, A., Hu, W., Stephen, J.M., Wilson, T.W., Calhoun, V.D., 
Wang, Y.-P., 2020. A GICA-TVGL framework to study sex differences in resting state 
fMRI dynamic connectivity. J. Neurosci. Methods 332, 108531. https://doi.org/ 
10.1016/j.jneumeth.2019.108531.

Cao, M., Wang, J.-H., Dai, Z.-J., Cao, X.-Y., Jiang, L.-L., Fan, F.-M., Song, X.-W., Xia, M.- 
R., Shu, N., Dong, Q., 2014. Topological organization of the human brain functional 
connectome across the lifespan. Dev. Cogn. Neurosci. 7, 76–93.

Cepeda, N.J., Kramer, A.F., Gonzalez de Sather, J., 2001. Changes in executive control 
across the life span: examination of task-switching performance. Dev. Psychol. 37 
(5), 715.

Chaku, N., Hoyt, L.T., 2019. Developmental trajectories of executive functioning and 
puberty in boys and girls. J. Youth Adolesc. 48, 1365–1378.

Chen, L., Vu, A.T., Xu, J., Moeller, S., Ugurbil, K., Yacoub, E., Feinberg, D.A., 2015. 
Evaluation of highly accelerated simultaneous multi-slice EPI for fMRI. Neuroimage 
104, 452–459.

Chen, M., He, Y., Hao, L., Xu, J., Tian, T., Peng, S., Zhao, G., Lu, J., Zhao, Y., Zhao, H., 
2023. Default mode network scaffolds immature frontoparietal network in cognitive 
development. Cereb. Cortex 33 (9), 5251–5263.

Chen, T., Cai, W., Ryali, S., Supekar, K., Menon, V., 2016. Distinct global brain dynamics 
and spatiotemporal organization of the salience network. PLoS Biol. 14 (6), 
e1002469.

Christakou, A., Halari, R., Smith, A.B., Ifkovits, E., Brammer, M., Rubia, K., 2009. Sex- 
dependent age modulation of frontostriatal and temporo-parietal activation during 
cognitive control. Neuroimage 48 (1), 223–236.

Ciesielski, K.T.R., Stern, M.E., Diamond, A., Khan, S., Busa, E.A., Goldsmith, T.E., van der 
Kouwe, A., Fischl, B., Rosen, B.R., 2019. Maturational changes in human dorsal and 
ventral visual networks. Cereb. Cortex 29 (12), 5131–5149.

Cole, M.W., Reynolds, J.R., Power, J.D., Repovs, G., Anticevic, A., Braver, T.S., 2013. 
Multi-task connectivity reveals flexible hubs for adaptive task control. Nat. Neurosci. 
16 (9), 1348–1355. https://doi.org/10.1038/nn.3470.

Corbetta, M., Shulman, G.L., 2002. Control of goal-directed and stimulus-driven 
attention in the brain. Nat. Rev. Neurosci. 3 (3), 201–215.

Cragg, L., Chevalier, N., 2012. The processes underlying flexibility in childhood. Q. J. 
Exp. Psychol. 65 (2), 209–232.

Crone, E.A., Richard Ridderinkhof, K., Worm, M., Somsen, R.J.M., Van Der Molen, M.W., 
2004. Switching between spatial stimulus–response mappings: a developmental 
study of cognitive flexibility. Dev. Sci. 7 (4), 443–455.

Cui, Z., Stiso, J., Baum, G.L., Kim, J.Z., Roalf, D.R., Betzel, R.F., Gu, S., Lu, Z., Xia, C.H., 
He, X., 2020. Optimization of energy state transition trajectory supports the 
development of executive function during youth. Elife 9, e53060.

Dajani, D.R., Uddin, L.Q., 2015. Demystifying cognitive flexibility: implications for 
clinical and developmental neuroscience. Trends Neurosci. 38 (9), 571–578. https:// 
doi.org/10.1016/j.tins.2015.07.003.

Deák, G.O., Wiseheart, M., 2015. Cognitive flexibility in young children: general or task- 
specific capacity? J. Exp. Child Psychol. 138, 31–53.

Delis, D.C., Kaplan, E., Kramer, J.H., 2001. Delis–Kaplan Executive Function System. 
Psychological Corporation, San Antonio, TX. 

Delis, D.C., Lansing, A., Houston, W.S., Wetter, S., Han, S.D., Jacobson, M., Holdnack, J., 
Kramer, J., 2007. Creativity lost: the importance of testing higher-level executive 
functions in school-age children and adolescents. J. Psychoeduc. Assess. 25 (1), 
29–40.

Demetriou, L., Kowalczyk, O.S., Tyson, G., Bello, T., Newbould, R.D., Wall, M.B., 2018. 
A comprehensive evaluation of increasing temporal resolution with multiband- 
accelerated protocols and effects on statistical outcome measures in fMRI. 
Neuroimage 176, 404–416.

Di Biase, M.A., Tian, Y.E., Bethlehem, R.A.I., Seidlitz, J., Alexander-Bloch, A.F., Yeo, B.T. 
T., Zalesky, A., 2023. Mapping human brain charts cross-sectionally and 
longitudinally. Proc. Natl. Acad. Sci. 120 (20), e2216798120.

Diamond, A., 2016. Why improving and assessing executive functions early in life is 
critical. In: Griffin, J.A., McCardle, P., Freund, L.S. (Eds.), Executive function in 
preschool-age children: Integrating measurement, neurodevelopment, and 
translational research. American Psychological Association, pp. 11–43.

Diamond, A., 2013. Executive functions. Annu. Rev. Psychol. 64, 135–168.
Douw, L., Wakeman, D.G., Tanaka, N., Liu, H., Stufflebeam, S.M., 2016. State-dependent 

variability of dynamic functional connectivity between frontoparietal and default 
networks relates to cognitive flexibility. Neuroscience 339, 12–21. https://doi.org/ 
10.1016/j.neuroscience.2016.09.034.

Ebersbach, M., Hagedorn, H., 2011. The role of cognitive flexibility in the spatial 
representation of children’s drawings. J. Cogn. Dev. 12 (1), 32–55.

Egan, M.K., Costines, C., D’Esposito, M., Sadaghiani, S., 2024. Endogenous preparatory 
control is associated with increased interaction between default mode and dorsal 
attention networks. Imaging Neurosci. 2, 1–16.

Engels, G., Vlaar, A., McCoy, B., Scherder, E., Douw, L., 2018. Dynamic functional 
connectivity and symptoms of parkinson’s disease: a resting-state fMRI study. Front. 
Aging Neurosci. 10. https://doi.org/10.3389/fnagi.2018.00388.

Eslinger, P.J., Grattan, L.M., 1993. Frontal lobe and frontal-striatal substrates for 
different forms of human cognitive flexibility. Neuropsychologia 31 (1), 17–28.

Fair, D.A., Cohen, A.L., Power, J.D., Dosenbach, N.U.F., Church, J.A., Miezin, F.M., 
Schlaggar, B.L., Petersen, S.E., 2009. Functional brain networks develop from a 
“local to distributed” organization. PLoS Comput. Biol. 5 (5), e1000381.

Finn, E.S., Shen, X., Scheinost, D., Rosenberg, M.D., Huang, J., Chun, M.M., 
Papademetris, X., Constable, R.T., 2015. Functional connectome fingerprinting: 
identifying individuals using patterns of brain connectivity. Nat. Neurosci. 18 (11), 
1664–1671.

Fox, M.D., Raichle, M.E., 2007. Spontaneous fluctuations in brain activity observed with 
functional magnetic resonance imaging. Nat. Rev. Neurosci. 8 (9), 700–711. https:// 
doi.org/10.1038/nrn2201.

Friedman, N.P., Robbins, T.W., 2022. The role of prefrontal cortex in cognitive control 
and executive function. Neuropsychopharmacology 47 (1), 72–89. https://doi.org/ 
10.1038/s41386-021-01132-0.

Gaillard, W.D., Hertz–Pannier, L., Mott, S.H., Barnett, A.S., LeBihan, D., Theodore, W.H., 
2000. Functional anatomy of cognitive development: fMRI of verbal fluency in 
children and adults. Neurology 54 (1), 180.

Gordon, E.M., Lee, P.S., Maisog, J.M., Foss-Feig, J., Billington, M.E., VanMeter, J., 
Vaidya, C.J., 2011. Strength of default mode resting-state connectivity relates to 
white matter integrity in children. Dev. Sci. 14 (4), 738–751. https://doi.org/ 
10.1111/j.1467-7687.2010.01020.x.

Gu, S., Satterthwaite, T.D., Medaglia, J.D., Yang, M., Gur, R.E., Gur, R.C., Bassett, D.S., 
2015. Emergence of system roles in normative neurodevelopment. Proc. Natl. Acad. 
Sci. 112 (44), 13681–13686.

Z. Huang and D. Yin                                                                                                                                                                                                                           

https://doi.org/10.1016/j.dcn.2025.101528
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref1
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref1
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref1
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref2
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref2
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref2
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref3
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref3
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref3
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref4
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref4
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref4
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref4
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref4
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref5
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref5
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref6
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref6
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref7
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref7
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref7
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref8
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref8
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref8
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref8
https://doi.org/10.1016/j.neuroimage.2014.07.067
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref10
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref10
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref10
https://doi.org/10.1016/j.nicl.2020.102468
https://doi.org/10.1016/j.nicl.2020.102468
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref12
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref12
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref12
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref13
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref13
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref13
https://doi.org/10.1016/j.jneumeth.2019.108531
https://doi.org/10.1016/j.jneumeth.2019.108531
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref15
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref15
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref15
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref16
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref16
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref16
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref17
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref17
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref18
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref18
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref18
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref19
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref19
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref19
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref20
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref20
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref20
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref21
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref21
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref21
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref22
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref22
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref22
https://doi.org/10.1038/nn.3470
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref24
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref24
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref25
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref25
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref26
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref26
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref26
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref27
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref27
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref27
https://doi.org/10.1016/j.tins.2015.07.003
https://doi.org/10.1016/j.tins.2015.07.003
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref29
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref29
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref30
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref30
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref31
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref31
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref31
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref31
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref32
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref32
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref32
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref32
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref33
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref33
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref33
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref34
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref34
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref34
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref34
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref35
https://doi.org/10.1016/j.neuroscience.2016.09.034
https://doi.org/10.1016/j.neuroscience.2016.09.034
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref37
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref37
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref38
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref38
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref38
https://doi.org/10.3389/fnagi.2018.00388
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref40
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref40
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref41
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref41
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref41
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref42
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref42
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref42
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref42
https://doi.org/10.1038/nrn2201
https://doi.org/10.1038/nrn2201
https://doi.org/10.1038/s41386-021-01132-0
https://doi.org/10.1038/s41386-021-01132-0
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref45
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref45
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref45
https://doi.org/10.1111/j.1467-7687.2010.01020.x
https://doi.org/10.1111/j.1467-7687.2010.01020.x
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref47
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref47
http://refhub.elsevier.com/S1878-9293(25)00023-4/sbref47


Developmental Cognitive Neuroscience 72 (2025) 101528

14

Gurd, J.M., Amunts, K., Weiss, P.H., Zafiris, O., Zilles, K., Marshall, J.C., Fink, G.R., 2002. 
Posterior parietal cortex is implicated in continuous switching between verbal 
fluency tasks: an fMRI study with clinical implications. Brain 125 (5), 1024–1038.

Ham, T., Leff, A., de Boissezon, X., Joffe, A., Sharp, D.J., 2013. Cognitive control and the 
salience network: an investigation of error processing and effective connectivity. 
J. Neurosci. 33 (16), 7091–7098.

Hayes, A.F., 2012. PROCESS: A versatile computational tool for observed variable 
mediation, moderation, and conditional process modeling. University of Kansas, KS. 

Hayes, A.F., Preacher, K.J., 2010. Quantifying and testing indirect effects in simple 
mediation models when the constituent paths are nonlinear. Multivar. Behav. Res. 
45 (4), 627–660.

Hirsch, P., Koch, I., Karbach, J., 2019. Putting a stereotype to the test: the case of gender 
differences in multitasking costs in task-switching and dual-task situations. PloS One 
14 (8), e0220150.

Hirshorn, E.A., Thompson-Schill, S.L., 2006. Role of the left inferior frontal gyrus in 
covert word retrieval: neural correlates of switching during verbal fluency. 
Neuropsychologia 44 (12), 2547–2557.

Hurks, P.P.M., Schrans, D., Meijs, C., Wassenberg, R., Feron, F.J.M., Jolles, J., 2010. 
Developmental changes in semantic verbal fluency: analyses of word productivity as 
a function of time, clustering, and switching. Child Neuropsychol. 16 (4), 366–387.

Ingalhalikar, M., Smith, A., Parker, D., Satterthwaite, T.D., Elliott, M.A., Ruparel, K., 
Hakonarson, H., Gur, R.E., Gur, R.C., Verma, R., 2014. Sex differences in the 
structural connectome of the human brain. Proc. Natl. Acad. Sci. 111 (2), 823–828. 
https://doi.org/10.1073/pnas.1316909110.

Irlbacher, K., Kraft, A., Kehrer, S., Brandt, S.A., 2014. Mechanisms and neuronal 
networks involved in reactive and proactive cognitive control of interference in 
working memory. Neurosci. Biobehav. Rev. 46, 58–70.

Johnson, M.H., 2011. Interactive specialization: a domain-general framework for human 
functional brain development? Dev. Cogn. Neurosci. 1 (1), 7–21.

Juraska, J.M., Willing, J., 2017. Pubertal onset as a critical transition for neural 
development and cognition. Brain Res. 1654, 87–94.

Kalkut, E.L., Han, S.D., Lansing, A.E., Holdnack, J.A., Delis, D.C., 2009. Development of 
set-shifting ability from late childhood through early adulthood. Arch. Clin. 
Neuropsychol. 24 (6), 565–574.

Kiesel, A., Steinhauser, M., Wendt, M., Falkenstein, M., Jost, K., Philipp, A.M., Koch, I., 
2010. Control and interference in task switching—a review. Psychol. Bull. 136 (5), 
849.

Kim, C., Cilles, S.E., Johnson, N.F., Gold, B.T., 2012. Domain general and domain 
preferential brain regions associated with different types of task switching: a meta- 
analysis. Hum. Brain Mapp. 33 (1), 130–142. https://doi.org/10.1002/hbm.21199.

Koren, R., Kofman, O., Berger, A., 2005. Analysis of word clustering in verbal fluency of 
school-aged children. Arch. Clin. Neuropsychol. 20 (8), 1087–1104.

Kupis, L., Goodman, Z.T., Kornfeld, S., Hoang, S., Romero, C., Dirks, B., Dehoney, J., 
Chang, C., Spreng, R.N., Nomi, J.S., Uddin, L.Q., 2021. Brain dynamics underlying 
cognitive flexibility across the lifespan. Cereb. Cortex 31 (11), 5263–5274. https:// 
doi.org/10.1093/cercor/bhab156.

Kupis, L.B., Uddin, L.Q., 2023. Developmental neuroimaging of cognitive flexibility: 
update and future directions. Annu. Rev. Dev. Psychol. 5, 263–284.

de Lacy, N., McCauley, E., Kutz, J.N., Calhoun, V.D., 2019. Sex-related differences in 
intrinsic brain dynamism and their neurocognitive correlates. Neuroimage 202, 
116116.

Lee, B., Cai, W., Young, C.B., Yuan, R., Ryman, S., Kim, J., Santini, V., Henderson, V.W., 
Poston, K.L., Menon, V., 2022. Latent brain state dynamics and cognitive flexibility 
in older adults. Prog. Neurobiol. 208, 102180. https://doi.org/10.1016/j. 
pneurobio.2021.102180.

Lenroot, R.K., Giedd, J.N., 2010. Sex differences in the adolescent brain. Brain Cogn. 72 
(1), 46–55.

Leys, C., Ley, C., Klein, O., Bernard, P., Licata, L., 2013. Detecting outliers: do not use 
standard deviation around the mean, use absolute deviation around the median. 
J. Exp. Soc. Psychol. 49 (4), 764–766. https://doi.org/10.1016/j.jesp.2013.03.013.

Li, Y., Li, P., Yang, Q.X., Eslinger, P.J., Sica, C.T., Karunanayaka, P., 2017. Lexical- 
semantic search under different covert verbal fluency tasks: an fMRI study. Front. 
Behav. Neurosci. 11, 131.

Lückmann, H.C., Jacobs, H.I.L., Sack, A.T., 2014. The cross-functional role of 
frontoparietal regions in cognition: internal attention as the overarching mechanism. 
Prog. Neurobiol. 116, 66–86. https://doi.org/10.1016/j.pneurobio.2014.02.002.

Luo, L., Chen, L., Wang, Y., Li, Q., He, N., Li, Y., You, W., Wang, Y., Long, F., Guo, L., 
Luo, K., Sweeney, J.A., Gong, Q., Li, F., 2023. Patterns of brain dynamic functional 
connectivity are linked with attention-deficit/hyperactivity disorder-related 
behavioral and cognitive dimensions. Psychol. Med. 53 (14), 6666–6677. https:// 
doi.org/10.1017/S0033291723000089.

Marek, S., Hwang, K., Foran, W., Hallquist, M.N., Luna, B., 2015. The contribution of 
network organization and integration to the development of cognitive control. PLoS 
Biol. 13 (12), e1002328.

Menon, V., 2011. Large-scale brain networks and psychopathology: a unifying triple 
network model. Trends Cogn. Sci. 15 (10), 483–506.

Menon, V., 2023. 20 years of the default mode network: a review and synthesis. Neuron 
111 (16), 2469–2487.

Müller, V.I., Langner, R., Cieslik, E.C., Rottschy, C., Eickhoff, S.B., 2015. Interindividual 
differences in cognitive flexibility: influence of gray matter volume, functional 
connectivity and trait impulsivity. Brain Struct. Funct. 220 (4), 2401–2414. https:// 
doi.org/10.1007/s00429-014-0797-6.

Murray, L., Maurer, J.M., Peechatka, A.L., Frederick, B.B., Kaiser, R.H., Janes, A.C., 
2021. Sex differences in functional network dynamics observed using coactivation 
pattern analysis. Cogn. Neurosci. 12 (3–4), 120–130.

Nomi, J.S., Vij, S.G., Dajani, D.R., Steimke, R., Damaraju, E., Rachakonda, S., Calhoun, V. 
D., Uddin, L.Q., 2017. Chronnectomic patterns and neural flexibility underlie 
executive function. NeuroImage 147, 861–871. https://doi.org/10.1016/j. 
neuroimage.2016.10.026.

Nomi, J.S., Bolt, T.S., Ezie, C.E.C., Uddin, L.Q., Heller, A.S., 2017. Moment-to-moment 
BOLD signal variability reflects regional changes in neural flexibility across the 
lifespan. J. Neurosci. 37 (22), 5539–5548.

Nooner, K.B., Colcombe, S., Tobe, R., Mennes, M., Li, Q., Hinz, C., Kaplan, M., 
Rachlin, A., Cheung, B., Yan, C., 2012. The NKI-Rockland sample: a model for 
accelerating the pace of discovery science in psychiatry. Front. Neurosci. 6, 32787.

Oldham, S., Fornito, A., 2019. The development of brain network hubs. Dev. Cogn. 
Neurosci. 36, 100607.

Onofrj, V., Chiarelli, A.M., Wise, R., Colosimo, C., Caulo, M., 2022. Interaction of the 
salience network, ventral attention network, dorsal attention network and default 
mode network in neonates and early development of the bottom-up attention 
system. Brain Struct. Funct. 227 (5), 1843–1856.

Parkin, A.J., Lawrence, A., 1994. A dissociation in the relation between memory tasks 
and frontal lobe tests in the normal elderly. Neuropsychologia 32 (12), 1523–1532.

Power, J.D., Fair, D.A., Schlaggar, B.L., Petersen, S.E., 2010. The development of human 
functional brain networks. Neuron 67 (5), 735–748.

Preibisch, C., Castrillón G, J.G., Bührer, M., Riedl, V., 2015. Evaluation of multiband EPI 
acquisitions for resting state fMRI. PloS One 10 (9), e0136961.

Preti, M.G., Bolton, T.A., Van De Ville, D., 2017. The dynamic functional connectome: 
state-of-the-art and perspectives. NeuroImage 160, 41–54. https://doi.org/10.1016/ 
j.neuroimage.2016.12.061.

Qin, J., Chen, S.-G., Hu, D., Zeng, L.-L., Fan, Y.-M., Chen, X.-P., Shen, H., 2015. 
Predicting individual brain maturity using dynamic functional connectivity. Front. 
Hum. Neurosci. 9, 418.

Ravindranath, O., Calabro, F.J., Foran, W., Luna, B., 2022. Pubertal development 
underlies optimization of inhibitory control through specialization of ventrolateral 
prefrontal cortex. Dev. Cogn. Neurosci. 58, 101162.

Ren, D., Zhou, H., Fu, X., 2009. A deeper look at gender difference in multitasking: 
gender-specific mechanism of cognitive control. 2009 Fifth Int. Conf. Nat. Comput. 
5, 13–17.

Rohr, C.S., Vinette, S.A., Parsons, K.A.L., Cho, I.Y.K., Dimond, D., Benischek, A., 
Lebel, C., Dewey, D., Bray, S., 2017. Functional connectivity of the dorsal attention 
network predicts selective attention in 4–7 year-old girls. Cereb. Cortex 27 (9), 
4350–4360.

Roskam, I., Stievenart, M., Meunier, J.-C., Noël, M.-P., 2014. The development of 
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